
AD-fl145 834 FINITE-DIFFERENCE SYNTHETIC SEISMOGRAMS FOR SH WAVES i/i
(U) CALIFORNIA INST OF TECH PASADENA J VIDALE ET AL.
13 AUG 84 SCIENTIFIC-i RFGL-TR-84-8882 F19628-83-K-SMie

UNCLASSIFIED F/G 8/11 ML

EEEEohEEEEEmhE
EhEEEEohmhEEEI
EEEEohmhEohEEE
smEEEEEEEEEEE

ENm/IEEEEE EIl



%II

W 2.

A

il~JillI III = 2

III11111---4 111111.

MICROCOPY RESOLUTION TEST CHART

i%
.. ... .r,, . . . . . .. . . " ,' ' "- . . . . " ' . .. . . .A L " "(& V " -'ft & '"S Ill - ' "A " " - " " ' " " " " / " " ' " "



.... . .

AD-A 145 834

AFGL-TR-84-0082

"g FINITE-DIFFERENCE SYNTHETIC SEISMOGRAMS
FOR SH WAVES

J. Vidale
Don Helmberger
Rob Clayton

California Institute of Technology
1201 E. California BlvdPasadena, California 91125

Scientific Report No. 1

13 August 1984

Approved for public release; distribution unlimited

DTIC
ELCTEW

' IInC FILE COPY sEP21 2I

AIR FORCE GEOPHYSICS LABORATORY
I* AIR FORCE SYSTEMS COMMAND

UNITED STATES AIR FORCE
HANSCOM AF, MASSACHUSETTS 01731

.:9 09 20 028

|°.," - -- o - - - - • =o • .i - * l - - •o= -•. .-.. . . . .. =-.-h- -=



-. ., V -. -~ -. . . -*- • -., - - - - . g- r r . . . .,..- . w , j

This report has been reviewed by the ESD Public Affairs Office (PA) and
is releasable to the National Technical Information Service (NTIS).

This technical report has been reviewed and is approved for publication.

A. CS hij

JOHN J. CIPAR HNYIG
Contract Manager Solid Earth Geophysics Bran

FOR THE COMMANDER

DONALD H. ECKHARDT, Director
Earth Sciences Division

Qualified requestors may obtain additional copies from the Defense Technical
Information Center. All others should apply to the National Technical
Information Service.

If your address has changed, or if you wish to be removed from the mailing
* list, or if the addressee is no longer employed by your organization, please

notify AFGL/DAA, Hanscom AFB, MA 01731. This will assist us in maintaining
a current mailing list.

Do not return copies of this report unless contractual obligations or
-* notices on a specific document requires that it be returned.

-..- I

0°°'

•_~
* . °. . . .



"" Unclassified

SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE
is. REPORT SECURITY CLASSIFICATION lb. RESTRICTIVE MARKINGS

Unclassified
2s. SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT

_ _ _ _ __Approved for public release;

2b. DECLASSIFICATION/DOWNGRADING SCHEDULE distribution unlimited

4. PERFORMING ORGANIZATION REPORT NUMBER(S) 5. MONITORING ORGANIZATION REPORT NUMSER(S)

AFGL-TR-84-0082

6& NAME OF PERFORMING ORGANIZATION 5b. OFFICE SYMBOL 7.. NAME OF MONITORING ORGANIZATION
California Institute of Tech (Ifapplicable) Air Force Geophysical Laboratory

6c. ADDRESS (City. State and ZIP Code) 7b. ADDRESS fCity. State and ZIP Code)
1201 E. California Blvd. Hanscom AFB, Massachusetts 01731
Pasadena, CA 91125 Monitor/John J. Cipar/LWH

8.. NAME OF FUNDING/SPONSORING 8b. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBERORGANIZATION (fitapplicable) F92-3K0

I F19628-83-K-0010
Sc. ADDRESS (City. State and ZIP Code) 10. SOURCE OF FUNDING NOS.

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO. NO. NO. NO.

11. TITLE (Include Security Clawiiction)Finite-Difference 62101F 7600 09 AE

Synthetic Seismoerams for SH Waves J
12. PERSONAL AUTHOR(S)

V-d~1R_ .T- lmhprapr Don- Claytnn. Rob
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Yr., Mo., Day) 15. PAGE COUNT

Sci Rpt No. I FROM TO 1984 August 13 80
- "' . 16. SUPPLEMENTARY NOTATION

17. COSATI CODES 18. SUBJECT TERMS (Continue on reiere if necessary and identify by block number)

FIELD GROUP SUB. GR. seismic waves, earthquake sources
finite difterence, numerical modeling

p *, 19/ABSTRACT (Continue on reuerse if necesary and identify by block number)
"' -. -,.. The research performed under this contract, during the period 12 January 1983 through

11 January 1984, can be divided into two major topics: Finite-Difference synthetic seismo-
- grams for SH waves; and array analysis of the ground motions from the 1971 San Fernando

Earthquake.
In Section II, the accuracy and ease of application of the finite-difference method for

. generating synthetic siesmograms of SH wave propagation in cylindrically symmetric media• . is discussed. The finite-difference method has the advantage that arbitrary density and

-_\.- velocity field in the medium may be specified. A point source is generated by a simple
transformation of a line source. The accuracy of the finite-difference seismograms in flat

-*.-... layered media is confirmed by comparison with the Cagniard De-Hoop method. The finite-
.b d% ifference seismograms also agree with a previously untried dipping-layer Cagniard method.

.. earthquake radiation pattern is approximated by introducing a "near-field" which has*. '. %,'

.% rmanent displacement near the source.

-IIS TRIBUTION/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION

% , IFIED/UNLIMITEDg SAME AS RPT. OTIC USERS Unclassified

ME OF RESPONSIB1LE INDIVIDUAL 22b. TELEPHONE NUMBER 22c. OFFICE SYMBOL

%John Cipar, GS-13, Geophysicist ( 7, 961-e.a,.b AFGLLWH

M 1473,83 APR EDITION OF I JAN 73 IS OBSOLETE. Unclassified

- -~. --~ SECURITY CLASSIFICATION OF THIS PAGE

.,'i . '%
*.~I. , -.....

" ' ' " ' ... " ; - "," " ' ':: .. ." ; -, .'' ." / ' ;;; " '; , " " ":. " ."". .- "'..; ', '" "-" " """%



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

In Section III, the important new field of strong ground motion modeling is discussed,
where velocity profiles recorded from the 1971 San Fernando earthquake demonstrate strong
path effects due to topography of the basement surfaces. The different waveform pattern

observed along three long profiles implies that valley or basin structures can produce
significant reverberation and amplification effects. It is suggested that the proper
geometry of basins and earthquake sources needs to be considered in order to predict
waveforms along these wave paths.

S Y.

p.,

'21

.. -. -.* . . S ECUT -2- SIFIA .O J 9P.T 1)$,L. . .



SCIENTIFIC REPORT NO. 1.

January 12. 1983 - January 11, 1984

_ - Name of Contractor: California Institute of Technology

Effective Date of Contract: 11 January 1983

Cqntract Expiration Date: 11 January 1986

Amount of Contract: $273,547

Contract Number: F19628-83-K-0010

Principal Investigators: Donald V. Helmberger
(818) 356-6998

David G. Harkrider
(818) 356-6910

Robert W. Clayton
(818) 356-8909

Program Manager and Dr. John Cipar
" Telephone Number: (617) 861-3748

Short Title of Work: Interaction of Seismic Waves
With Complex Structures

The views and conclusions contained in this
document are those of the authors and should
not be interpreted as necessarily representing

the official policies.

Sponsored by
Solid Earth Geophysics Branch

Earth Sciences Division
Department of the Air Force _

Air Force Geophysics Laboratory (AFSC) Acession For
Hanscom Air Force Base, Massachusetts 01731 NTIS GRA 1I

, .Unaf nuc ed n

E) I DTI TB
ELF.CTNE By

p.. I 1EP2 "aDistribution/
I ~ Availability Codes

pp... ,.. ... ...

. "Avail and/or
"-- - Dist Special

%-I
• - I' % " . V V. ' %



p ,t

Table of Contents

1. Summary 

I

II. Finite-Difference Synthetic Seismograms for SH Waves 3

III. Array Analysis of the Ground Motions from the 1971 33
San Fernando, California Earthquake

-v 

-

.J.
,.J

,, , , .. ... -- - ... .-. . .. - . .



1. Summary

The research performed under this contract, during the period 12 January

1983 through 11 January 1984, can be divided into two major topics; Finite-

Difference synthetic seismograms for SH waves; and array analysis of the ground

motions from the 1971 San Fernando Earthquake.

In section I1. the accuracy and ease of application of the finite-difference

method for generating synthetic seismograms of SH wave propagatio, in

cylindrically symmetric media is discussed. The finite-difference method has

the advantage that arbitrary density and velocity fields in the medium may be

specified. A point source is generated by a simple transformation of a line

source. The accuracy of the finite-difference seismograms in flat layered media

is confirmed by comparison with the Cagniard De-Hoop method. The finite

difference seismograms also agree with a previously untried dipping-layer Cagn-

iard method. An earthquake radiation pattern is approximated by introducing a

"near field" which has permanent displacement near the source.

In section II, the important new field of strong ground motion modeling is

* discussed, where velocity profiles recorded from the 1971 San Fernando earth-

quake demonstrate strong path effects due to topography of the basement sur-

*. faces. The different waveform pattern observed along three long profiles implies

that valley or basin structures can produce significant reverberation and

amplification effects. It is suggested that the proper geometry of basins and

earthquake sources needs to be considered in order to predict waveforms along

these wave paths.

'116 Velocity profiles along three local arrays in the Los Angeles basin suggests

that, within 3 km in range, the waveforms are almost identical. It is also sug-

gested that higher frequency waves, as represented by ground accelerations,

are less affected by these large scale basin structures.
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Profiles of displacement traces, which are not shown in this study, display

characteristics similar to those observed in the velocity profiles. That is. the

waveforms show good correlation with variations in the basement surfaces. How-

ever. due to its high-frequency nature, the S phase is more easily recognized in

velocity records than in displacement records.

We use the 2D finite difference method to compute synthetic seismograms

for irregular structures which exist along the various profiles. Although the

structure used in the calculation is rather simplified and the numerical code is

- .. for acoustical media, the general features of the synthetics agree quite well with

the observed ground motions. We approximate Heaton's (1982) source model,

which has two major areas of dislocation by point sources, at depths of 13 km

and 1 km. Using the relative timing, amplitude and signal duration of major

arrivals observed in the ground motions along both profile I and profile II. we

suggest that the coherent S phase (the S waves) is primarily from the first

source, at 13 km. The shallow source (near 1 km) contributes little to the sta-

tions along the profile I. However, it does produce strong surface waves for the

stations in the San Fernando Basin region and also contributes to the generation

of surface waves in the Los Angeles Basin. This study suggests that the observed

ground motions are indeed affected strongly by propagation paths along

different structural provinces.

A.

O..1

ti
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B. Finite-Difference Synthetic Seismograms for SH Waves

by r. %date. Don Hesmberger and Rob Clayton

INTRODUCTION

The understanding of earthquake generated motions has improv,

significantly in recent years. This progress is due to the refinement of methods

for generating synthetic seismograms in the attempt to replicate observed

seismograms and the dramatic improvements in computers as well as an ever

growing collection of observations. The synthetic seismogram incorporates our

best guess about the earthquake source properties and the distortions caused

by propagation through the Earth. Our knowledge of sources and earth struc-

ture is dependent on the accuracy and versatility of the method for synthetic

seismogram generation.

The earth was first approximated by a wholespace; it then evolved to a

halfspace. and it is currently a stack of homogeneous layers in which the

number of layers is controlled by one's computer budget. In this paper, we

relax some of these strong limitations by allowing dipping structure and intro-

ducing a procedure whereby 2-D finite difference (FD) calculations can be

mapped into synthetic seismograms with the -proper point source shear disloca-

tion characteristics. This procedure has the advantage of allowing for arbitrary

density and velocity fields in two dimensions.

This paper only treats SH waves (horizontally polarized shear waves) but the

method may be extended to P-SV waves. We will begin by reviewing line source

theory, which is the physical basis for the FD method. The similarity of the gen-

eralized ray theory (GRT) expressions for strike-slip and dip-slip types of

U..; ' " ~,N~e ee, ,-, "e - ,, ;.;':." ,;.-...,.,. .. 4 " '
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sources leads to identification of the vertical radiation patterns required for the

line-source FD source. FD seismograms using these radiation patterns are seen

to agree well with GRT seismograms. Finally, the utility of FD methods with the

proposed mapping is shown for several applications.

SOURCE =3]RESENTAIION

Consider a dislocation source which is situated below a layer as shown Fig-

ure 1. The displacement at the free surface can be obtained by summing gen-

eralized rays, after Helmberger and Malone (1975)

V Me dr d D(t) 1)v(t) = 4P dtI [  t ( V(t) ()
4 7r p o i - d t Ju l

where

-r 2 E -- SHj(p) I )1 ] (2)

and t is time in seconds, r is horizontal distance between source and receiver in

km, n is the number of rays used to approximate the response, M0 = moment in

dyne-cm. Pc = density in grams/cm at source, D(t) = dislocation history across

the fault element, and dD(t)= far-field time function. A4 and A6 contain the
dt

dependence on azimuth and mechanism and are

A4 = cos 2ecos A sin 6 - -sin 29sin A sin 26 (3a)

2

= -sin ecos X cos 6 - cos sin A cos 26 (3b)

where 9 = strike from the end of the fault, A = rake angle, and 6 = dip angle.

The fault orientation conventions are given in Figure 2.

% ,
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.~.1.Receiver

P32. 7 g/cC

A7 iB 3 7 km/se c 00e

h2 ~ P2  Y6/c

A62 4.8 km/sec

FIgure 1. Flat layer over a halfspace geometry with shear wave velocities
and densities.

.1'2

MII

* FlIgure 2. Description of conventions for angles in mechanism and orien-
tation for this paper.
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SH, (4a)

and

SHn p (4b)

are the strike-slip and dip-slip vertical radiation patterns and PC is the shear

wave velocity in km/sec at the source. a is -1 for receivers above the source.

but +1 for receivers below the source. fl is the product of transmission and
4ina

reflection coefficients for the ith ray, p = - is the ray parameter, and

p')*

t= p r + 'i h2 + ( Zi - 1) h,

d

and is determined from ti(p).
dt

Note that V(t) and Vg(t) do not depend on azimuth or mechanism but con-

tain only the vertical radiation patterns. This separation allows the two Vj's to

be constructed by equation (2) and the azimuthal pattern and mechanism to be

calculated by equation (1).

If we allow Pg = pg. equation (2) simplifies for t. >> T. where T is the source

Rduration and t, = -to

a Ht - t)
V, =2 gi R (5)

for a strike-slip fault and

Vlo Cosa H(t - tr)
V= R (R)

td
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for a dip-slip fault where R is the source to receiver distance and a is the angle

between the vertical and a line connecting the source and receiver as shown in

-. Figure 2. Thus. the trigonometric functions specify the well-known radiation

patterns. Substituting (5) into (1) and letting A = 00 and 6 = 900 for the strike-

slip case, we obtain

ta o d(t-tr) 1v~~zt -4 -o2 F,( sin , cos 20 t (7)

ir~Pa F dt y R

where the amplitude of the displacement is given in centimeters, MO in dyne-cm.

P0 in grams/cms .p in km/sec. R in km. and F0 = 10- 0 for unit conversion and

= D(-) for strength normalization. We will express most of our results with

)10p- F0 = 1 or for a moment of Mo = 4 ir pa x 102 dyne-cm.
4 irp0

As R and therefore tr becomes small, we need to improve our approxima-

tions by including a pseudo-near-field term. see Helmberger (1983)

Y LIRe(p)ljm(_L d. (a

which simplifies to

=2 t sin a H(t- t(8b)p8R R

and

d 1--Re(d)m(.- d(9a)

* ~ dt

which simplifies to

a2 t Cos a H(t - t)  (9b)
V e R R

'*4P
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Theme are not the complete near-field effects but only compatible with the

asymptotic nature of the solution. If P~ were to include the exact near-field

* .C solution for the radiated SH waves, we would have to include the near-field con-

tributions of P and SV as well, as described in Helmberger and Harkrider (1978).

.0 The solution for a symmetric line source assuming the same geometry as

displayed in Figure 1 becomes

f(r~z~t) = -f(t)"* (10)

* V~dt

with the same definitions given for expressions (1) and (2). A generalization of

line source theory to include dipping structure is given by Hong and Helmberger

- ~. (1977).

If we suppose P~=f~as for the point source discussed above, we obtain

0 (12)

poto 'Ph

where the factor of two is the free surface effect. Substituting (12) into (10), we

obtain

f(r,z~t) = (13)

which is the well-known line source solution. By comparing expression (11) with

(2) and the near-feld effects just discussed, we can determine the constants and

mapping required, namely let

...w* *r****p'z.*~* %t).. . .; = d f 't '1 (10) ~ ~ ~~
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v (t) tj (14)

where §j is the output of the FD code with the following source descriptions

___V = R(15a)

for the strike-slip orientation and

t( COS Ot H (t - tr)
R != -. -R t /7,--7r(15b)

for the dip-slip. The constant is

to = P," / (16)

The point source seismograms due to shear dislocations are generated with

equation (1) using the Vj from equation (14) which use tj from the FD code.

The separation of variables between the Vj's and the Aj's allows two different

ways to use equation (1). If several synthetic seismograms are desired, one cal-

culates both Vjs from two FD runs and combines them with the appropriate A4

and AG for each seismogram. If only one seismogram is desired, one can com-

bine the Vj's with the appropriate A's to create the source and only run the FD

code once.

We will next discuss the FD method followed by comparisons of FD against

the line source CRT results as given by equations (10) and (11), and followed by

point source mapping comparisons and dipping GRT results.

FINITE DIFFERENCE TECHNIQUES

t



The finite-difference (FD) SH code used is similar to the acoustic code

described by Brown and Clayton (1977). The code is fourth-order for regions

homogeneous in velocity and second-order for regions heterogeneous in velo-

city. see Alford et al. 1974, for definition and examples of order for FD codes.

The fourth-order scheme is used to combat grid dispersion, which slows down

the propagation of the higher frequency waves. Figure 3 shows the actual phase

velocity divided by the nominal phase velocity plotted against period in seconds

and wavelength in number of grid intervals. The line with solid circles indicates

the phase velocity of the fourth-order FD algorithm used for homogeneous

regions and the line with hollow circles indicates the phase velocity of the

second-order algorithm used for heterogeneous regions. The fourth-order

scheme allows propagation at approximately the correct velocity for energy with

wavelengths down to five grid points, or one-half the limit of 10 points per

wavelength of a second-order scheme. The second-order heterogeneous condi-

tions are used because of the difficulty of deriving simple, stable fourth-order

heterogeneous schemes. The second-order heterogeneous scheme is sufficiently

accurate for the purposes of this paper and is faster.

Absorbing boundary conditions are imposed on the sides and the bottom of

the FD grid as described by Clayton and Engquist (1950), and the top of the grid

is made a free surface for SH waves (reflection coefficient = 1) by the method of

Alterman and Karal (198).

Several schemes for source insertion have been described in the literature.

Imposing the displacement as a function of time either at one side or at the bot-

tom of the box works if the source is too far from the receiver to be embedded

in the box (see Boore, 1972, for example). A simpler approach imposes an initial

displacement in a source region for the first two time steps and leaves the grid

source free for the remaining time steps (Alford et al, 1974). A third method

'4- . * * * * *%' %:.~-C* ~ ~ * 4



Period, sec
41 2 3 4

1.0 Fourth-order

008

0.2-

0 .1 I

02 4 6 8 10 12

Wavelength (grid intervals)

Figure 3. Phase velocity divided by nominal velocity plotted against
wavelength measured in grid spaces on the bottom and period in seconds
on the top.

604
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commonly used is described in Alterman and Karal (1968). Essentially, it solves

the wave propagation twice in the source region, once imposing the source and

once without a source, and combines the results so that the source box does not

act as a rigid reflector. This method has the advantage that the source may be

'left on" for as long as desired. We use the method of Alterman and Karal

(1988). except that fourth instead of second order boundary conditions are used

*to match the source region with the surrounding region. This method is used

because we desire a source within the grid and the wavelengths of interest would

compel unacceptably large source boxs with the method of Alford et al (1974). A

9 by 9 grid point source is used, which is necessarily homogeneous for our
'.

source generation program.

Figure 4 illustrates the various sources. The frames in Figure 4 are

snapshots of displacements throughout a small grid at a given time. The left

frames are the displacements 25 timesteps into the calculation or when the

transient wave is halfway to the edges and the right frames are after 50

timesteps or when the transient wave has propagated almost to the edge of the

box. The amplitude scale for each plot is different. Positive displacements are

filled in with black, but negative displacements are difficult to discern. All three

types of sources have a transient wave which moves outward, but the sin 6 and

cos 6 sources also have a two-lobed displacement pattern which is permanent.

This permanent displacement is analogous to permanent deformation caused by

movement on a fault.

The source for Figures 5 through 8 is symmetric and generated analytically

by convolving an excitation function with the impulse response for a line source

which is given in expression 13. Figures 9 through 12 use the dislocation

sources given in Figure 4. These source functions introduce permanent dis-

placement to the source area, just as would be expected from an actual
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NEAR-FIELD EFFECTS
Symmetric

__ t=25 __ t=50

Strike - Slip

Dip- Slip

_____ t=25 t=50

Figure 4. Snapshots of displacements for the symmetric source, the sin e
mechanism source, and the cos 69 mechanism source. The left frames
show displacements after 25 timesteps, the right after 50. Amplitude
scales are not uniform. Positive but not negative displacements are filled
in with black.
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LINE SOURCE

A 40 kml %  3.78 A , 3.71

.. 20 so C 20 secS120 ' 1. 97 1.93

200 , 1.54 - ,v1.53

280 -1.21 1.24

360 1.10 1.07

440 1 1V01 ';- 1.02
i. 520 -0.93 -/e ,^,/VV- 0.94

600 '-o0.85 -;-- 0.85
"680 0.79 0.78

760 -0.I\\/V .- .72 -' / fo.72

a) Cogniord b) Finite Difference

O F igure 5. Comparison of the line source synthetic seismograms gen-
erated by the CRT and FD methods. Results are for a 9 km thick layer
over a halfspace. The source is 9 km below the layer and the receivers
are on the surface and range from 40 to 780 km in horizontal distance
from the source. Both sets of seismograms are convolved with a tra-
pezoidal time function. The amplitudes are absolute.

O.
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LINE SOURCE

-A40km '% 2.70 -%2.28

20 sec 20 sec

12 0-. 7 L 5N E2OU C

120 1.77 1.52

ee2oo 1 .s 2 1.1o

360 '1.12 ...0.93

440 -0.95 --- 0.81

520 0.84

a) Cagniord b) Finite Difference

00

Fligure S. Comparison of the line source synthetic seismograms gen-
erated by the GRT and FD methods. Results are for a 9 km thick layer
over a halfspace. Results are for a layer which ranges in thickness from 9

4, km above the source to 45 km at a range of 900 km.

... ,
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POINT SOURCE
A-40kmr,',- _3..'317 - .. 3.15

120 ./ . 20sec 1.85 20sec2.02

200 1.73.63 -f-- . ,.73
280 1 .-. 32 1,.4 3

360 L 12 1. 23

,4,; 520 A-1.02 --- f v/ .------ I.00

-:8 0o .8,1-/ W, o600o - x/VVP-- o.09  --/VVV~ .o

760 -N"JJJp-0.78 --N- \.\JJVV 0.90

o) Cogniard b) Finite Difference

. lFigure 7. Comparison of the point source synthetic seismograms gen-
crated by the CRT and FD methods for the same fiat-layer geometry as is
used for Figure 5. Amplitudes are absolute and may be scaled to
moment.
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POINT SOURCE

-A-4OkmJ 1.92 - 1.61

120 20 sec 20 sec
..- 1.65 1.40

"200. 1.55 1.35

360 1. 17 1.26

--2- 1 .x 1 51

. 640 -- 1.01 " '1.13

680 0.92 1 09

-S.S 760 0.88 " -J 0.96

a) Cagniard b) Finite Difference

[ .5-.-.

S. , Figure S. Comparison of the point source synthetic seismograms gen-
crated by the GRT and FD methods for the same dipping-layer geometry
as is used for Figure 6.

r ,. i,'
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SHALLOW STRIKE-SLIP MECHANISM

20sec 20sec120 J' -00.64 - • s 0.70

200 0.4 0.48

280 0.28 0.32

.4360 0.2 \ \ -. 26
" 440 '0'yO. 180..1

520 --JJVV- o. 16 - Vv - 0. 16

600 0. 14 0 /~fV.--- 15

680 0.13

760 0. 10 -N/\IyA"-0.12
a) Cogniard b) Finite Difference

Srlgure 9. Comparison of the point source cos 8 mechanism synthetic
seismograms generated by the GRT and FD methods for the same flat-
layer geometry as is used for Figure 5.
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SHALLOW DIP-SLIP MECHANISM
A='40 km./ , --.47 4.70

20sec 20sec
12.0 1.94 2.33

200 1.5 3 1 63

280 I.N03 -1.20

360 08 JJ V 08
440 - o.68 -- /V V0.74

520 Or'V - 0.57 f\0.62

600 05

680 04

760 -/'JJV\---0.41 A V0.42

a) Cogniard b) Finite Difference

Figure 10. Comparison of the point source sin 19 mechanism synthetic
seismograms generated by the GRT and FD methods for the same ftat-
layer geometry as is used for Figure 5.
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DEEP STRIKE-SLIP MECHANISM

120 -205e¢ 4.28 -se4.43

200 J\/2232 - 2.33

280 1 .74 . .. 1.81

360 1"1.-J"V.29 .37'- 1.06

N ~520 /\ v -or
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Figure 11. Comparison of the point source cos 0 mechanism synthetic
seismograms generated by the GR1 and FD methods. Results are for the
same flat-layer geometry as is used for Figure 5 except that the source is
25 instead of 9 km below the layer.
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Figure 12. Comparison of the point source sin 0 mechanism synthetic
• @seismograms generated by the CRT and FD methods. Results are for the

same fiat-layer geometry as is used for Figure 5 except that the source is
25 instead of 9 km below the layer.
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dislocation. For the line source, the permanent displacement falls off with dis-

tance as r - 1, while the transient displacement falls off as

Line source seismograms are described above. but point source seismo-

grams are desired. Line source seismograms may be transformed to point

source seismograms by equation 14 as described above. A linear sum of the two

sets of point source seismograms can be used to make seismograms for any

strike, dip, and rake earthquake mechanism for a given velocity and density

"V structure as given by equation 1.

Ai We use a trapezoid of 3 second duration with 1 second rise time and I

* second fall time as an excitation function for the fiat layer models. A trapezoid

of 6 second duration with 2 second rise and fall times is used for the dipping

layer models. The trapezoidal time functions filter out frequencies which would

disperse in the grid and may be thought of as source time functions for the syn-

thetic "shear explosions" and earthquakes as is common in modeling earthquake

records (Langston and Helmberger. 1975).

A symmetric point or line source is easily grasped intuitively if the stateS..

variable is pressure in an acoustic problem, but a symmetric SH source is more

difficult. A symmetric SH line source may be visualized as being due to a tug on

the line source. A symmetric SH point source, however, must simply be con-

sidered to have the same SH amplitude and sign for every take-off angle and

azimuth.

COMPAMSON

A model with one layer over a halfspace which represents simple oceanic

lithosphere is chosen to compare the FD code with the flat layer GRT code which

has been well-tested (see Apsel and Luco. 1984, for example). The geometry is

shown in Figure 2. The crust has h, of 9 km with a density p, of 2.7 g/cm 3 and

.. ..... . . . ..L lihshr is chosen to c a te FD -. , with t.h, flt *'rR.oewi
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shear wave velocity # of 3.7 km/sec, and the underlying upper mantle has P2 of

3.6 g/cms and P2 of 4.8 km/sec. The source is placed 18 km below the surface,

or h 2 9km.

Receivers in the plots in Figures 5 through 12 are positioned on the surface

at lateral distances of 40 to 760 km from the source. These plots are reduced by

a 4.8 km/sec velocity.

Figure 5 contains synthetic seismograms for the line source problem with

symmetric source. Results from the GRT code are shown with in Figure 5a and

results from the FD code are shown in Figure 5b, where the agreement is seen to

be excellent.

Amplitudes differ between the two sets of synthetics by no more than 3%,

and the detailed waveforms are nearly identical. Even the highest frequencies

shown agree well for the first portion of each seismogram. The later portion of

the FD seismograms show some contamination by dispersed high frequency

energy. This agreement is consistent with Figure 3, which shows that energy

with periods above two seconds for the homogeneous regions and four seconds

for the heterogeneous regions should be propagated correctly. The discrepan-

cies between the traces are high frequency and small.

A dipping layer over a halfspace model which represents a simple ocean-

continent transition zone is chosen to compare the FD code with the dipping-

layer GRT code. The crust is again 9 km thick directly above the source and

again the source is 9 km below the crust. The thickness of the crust increases

linearly to 45 km at a range of 900 km. The same geometry of receivers is used

as in the previous case.

The results for a symmetric source from the FD code are shown in Figure Ba

and from the dipping layer GRT code in Figure Ob. The higher frequencies have

worse agreement than in the fiat layer case, so the excitation function used is a

.1
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six second trapezoid with two second rise and fall times. The amplitude of the

FD seismograms are 3 to 4% greater for the outer 4 receivers, but 12 to 18% less

for the inner six. The discrepancies between Figures Ba and Sb may be due to

either code. The most likely problems are dispersion in the FD code as men-

tioned above or the necessary approximation of a dipping layer by a series of

steps in the FD method. The GRT code does not consider rays which bounce first

away from the receivers before changing direction due to the dip in the layer

and travel to the receivers. The amplitude of these rays is expected to be negli-

gible. however. For the lower frequencies and the first part of the waveform in

which we are primarily interested, the agreement is excellent.

The point source synthetics fare equally well. They are generated by equa-

tion 14. described above. The synthetics are convolved with the long-period

WWSSN instrument response. The longest and shortest period energy is

" -* - attenuated in transforming the line source seismograms to point source seismo-

grams, primarily due to the instrument response. Figure 7a shows traces gen-

erated by the point-source, fiat-layer GRT program and Figure 7b shows the

traces in Figure 5b after the transformation described above. Similarly, Figure

Ba shows traces generated by the point-source, dipping-layer GRT program and

Figure Bb shows the traces in Figure 6b after transformation. The agreement in

waveform is excellent for the flat layer case and good for the dipping layer case.V"' The amplitudes agree to within 20% for all cases.

The next question is whether the FD seismograms with mechanisms

inserted agree with their GRT equivalents. For Figures 9 and 10 the flat layer

model described above is used. Figure 9 shows traces for the cos 9 radiation

pattern, with the GRT-generated seismograms in Figure 9a and the FD seismo-

grams in Figure 9b. Similarly, Figure 10 shows traces for the sin e radiation

pattern. As a further check, a source 25 instead of 9 km below the layer is used
, 1"
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in Figures 11 and 12. The agreement in waveform is excellent, and again the

amplitudes agree to within 20%. The exceptions are the seismograms recorded

40 km away for the source 34 km deep, whose amplitudes are substantially in

error. It appears that the discrepancy at A = 40 km is caused primarily in

matching high frequency content between the two methods. For instance, in

figure 9 the GRT appears shorter period whereas in figure 10 the FD is shorter

period. These features are probably caused by the rather delicate interference

between the direct wave and first multiple. The interface at the bottom of the

layer is actually smoothed in the DF code and for angles of incidence less than

critical angle we can expect a longer period reflection than for GRT responses.

Since we are primarily interested in long range propagation in this mapping. we

can ignore the sharpness of the crust-mantle transition which is built into the

FD code in this situation.

THE EFFECTS OF THE OCEAN-CONTINENT TRANSITION ON LOVE WAVES

If we are to understand the difference between the crust and upper mantle

under oceans and continents, it is important to know the geometry of the transi-

tion zones. The sparsity of ocean-bottom seismometers and the relative quies-

cence of passive margins precludes direct travel-time inversion for velocity

structure. Multichannel seismic arrays have good resolution, but deal primarily

with P-waves and can only penetrate the sedimentary column and occasionally

locate the Moho discontinuity (e.g. Talwani et al, 1982, and Avedik et al, 1982).

"* Surface wave dispersion is often used to examine velocity structure, but most

methods of surface wave dispersion analysis require either flat- or dipping-

layered models. Velocity structure is known not to follow either fiat- or dipping-

' layered geometries near ocean-continent boundaries.

.7
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The FD method allows more general models to be incorporated in synthetic

seismogram generation, as described by Drake (1972), Drake and Bolt (1980)

and Martel (1980). Such studies are two-dimensional, however, and are more

complicated than the FD method described in this paper. Some three-

dimensional finite-element models have been investigated by Gregersen and

Alsop (1974) and Schlue (1981). but these models are not very realistic.

Several recent papers use approaches similar in some ways to ours. Fuyuki

and Matsumoto (1980) use a two-dimensional P-SV FD scheme to investigate the

effect of a trench on Rayleigh wave propagation. Stevens (1983) investigates the

effect on seismic sections of bump on the seafloor with a three-dimensional P-SV

FD code which assumes cylindrical symmetry. Kelly (1983) investigates the

effect of near-surface geological features on the propagation of Love waves with

a two-dimensional SH FD code.

In this section, the effect of differing ocean-continent transition geometry

on Love wave waveforms is examined. Figure 13 shows the three geometries

used to generate synthetic seismograms. In all cases, the upper layer has a

density of 2.7 g/cms and shear wave velocity of 3.7 km/sec and the lower layer

has a density of 3.6 g/cms and shear wave velocity of 4.8 km/sec. Symmetric

shear sources are used; these create seismograms which are indistinguishable

from strike-slip mechanisms for these ranges. The seismograms for the

geometries shown in Figures 13a, 13b, and 13c are presented in Figures 14a,

14b, and 14c, respectively.

The seismograms for different geometries are distinguishable by waveform

and timing but not by amplitude in synthetic seismograms. The differences in

amplitude are of a similar magnitude to the errors noted above and are not

clearly systematic. The waveforms at the first 4 receivers, 6 = 40, 120, 200, and

280 km are identical because the structure between the source and receiver is

f...r'PZ< 3."
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identical. The seismograms recorded directly above the transition zone at 6 =

360, 440, and 520 km are very similar. The furthest seismograms recorded at 5

- 600, 680, and 750 km are the most distinguishable. This pattern is fortunate

because most of the available data is, of course, recorded on the continents.

The energy arrives slightly later in the wide ramp model than in the narrow

ramp model which in turn is slightly slower than in the step model. This trend

may be due to energy entering the crust at points A in Figure 13. The slow cru-

stal velocity then results in the differential delay mentioned above.

It has been noticed that observations are more long-period than synthetic

seismograms constructed with impulsive sources. This effect may be due to

drawn-out smooth earthquake source time functions or it may be due to Q

(attenuation), which damps higher frequencies preferentially. This effect means

that the longer period shape of the sections are the most helpful in the modeling

of actual seismograms. Grand and Helmberger (1983) find empirically that the

average crustal thickness between source and receiver seems to determine the

shape of the long-period front of the seismogram. If this idea works, then the

front of the seismograms at 5 = 6BO and 760 km should be similar. They are not

identical, but the leading portion of the 5 = 780 km seismograms for the two

ramp geometries are very similar. If this idea proves usable, then one could

determine the average thickness of the crust from the front of the seismogram

and more detailed information about the crust-mantle transition from the later

portion of the seismogram, which is perhaps more difficult to model.

6..
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III. Array Analysis of the Ground Motions from the 1971
San Fernando California Earthquake

by Hsui-Lin Liu

IntroducUon

An important new field of strong ground motion research is modeling of an

earthquake source and the associated wave propagation in a deterministic way.

This type of modeling has significantly increased our understanding of the

longer-period parts of strong ground motions. However, a proper model is often

difficult to obtain. An accurate characterization of the wave phenomenon. ( e.g..

wave types, coherent phase velocities, propagation direction and the wave varLa-

bility ) is essential to evaluate the validity of the models.

Hanks ( 1975 ) analyzed the ground displacements from the 1971 San Fer-

nando strong-motion data and found strong coherence appeared in the longer-

period waves. He also identified direct shear phases and subsequent surface

waves at certain ranges. However, a deterministic source model for the 1971

San Fernando event is still uncertain as pointed out by Heaton ( 1982 ). Heaton

constructed models consisting of finite faults within a half-space to explain

waveforms observed at 5 straog-motion stations as well as long-period telese-

ismic body waveforms. His preferred finite source model implies a fairly com-

plex double source earthquake, with two events of approximately equal size and

separated by about 4 seconds. However, modeling of this type is limited by our

incomplete knowledge of the strong motions propagating through the complex

.4
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-F % structure encountered in the real earth. Thus, we believe that there is a great

need for a detailed description of the wave types represented by the ground

motions.

In this study, we extend Hanks' study ( 1975 ) to examine the ground veloci-

ties and accelerations observed by the accelerograph array during the 1971 San

Fernando earthquake. A display of the ground velocity profiles together with the

topographic features and geologic structure ( Yerkes et al., 1985 ) will be

presented and possible wave types and apparent phase velocities will be dis-

cussed.

Given the distribution of strong motion recordings of the San Fernando

earthquake, it is possible to construct profiles along three azimuths. Figure 3-1

shows the station distribution and corresponding profiles. All prodles originate

in the epicentral region. Profile I extends 65 km southward across the San Fer-

nando and Los Angeles basins to a station on the Palos Verdes Peninsula. Profile

1I extends 95 km S40'E along the front of the San Gabriel mountains and then

across the San Gabriel and Los Angeles basins. Profile 111 runs 90 km N40OW

across the San Gabriel and Tehachapi mountains.

- The San Fernando earthquake was also well recorded by strong motion

- . instruments which are required in high-rise buildings. These buildings are

clustered in three locations on the north side of the Los Angeles basin; the Mira-

Scle Mile area of Wilshire Boulevard ( local array 1 ), downtown Los Angeles ( local

array 2 ). and Century City ( local array 3). Station locations for these dense

* local arrays are shown in Figure 3-2.

Time histories of ground velocity and acceleration are all taken directly

from EERL. Caltech reports (1974 ). Ground motions are rotated into radial,

Of-
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transverse, and vertical components and are then displayed as functions of time

and distance from the epicenter as reported by Allen et al. ( 1973 ). Since abso-

lute time is not available for any records, some assumptions need to be made to

correlate phases from one station to another. We shifted records such that the

apparent first shear-wave arrivals, which are named S! by Hanks ( 1975 ), are

aligned vertically in the profile. S! minus trigger times are listed in Table 3-1 for

all stations used in this study. Unfortunately, in some cases, the identification

of S! is very difficult, and thus some of the more distant stations are probably

not aligned on the first shear-wave arrival. Once the profiles are constructed, we

find that the ground velocity waveforms are surprisingly coherent from station

to staion, allowing us to estimate apparent phase velocities, to identify possible

wave types, and qualitatively separate the source from the path effects. The

features of each profile will be described in more detail as follows.

.Long Profile.

a. Profile 1. The velocity traces together with the corresponding free sur-

face and basement surface topography profiles are displayed in Figure 3-3.

Velocity traces begin with the S! arrivals. The two-fault system suggested by

Heaton (1982) is also illustrated in the same Figure. HI is the first hypocenter

which ruptured along the Sierra Madre fault, and 4 seconds later, the second

hypocenter H2 initiated on the San Fernando fault. According to Heaton's

" (1992) interpretation, the high peak velocity observed at station C041 (Pacoima

Dam) is caused by rupture directivity along the Sierra Madre fault. Although the

'1K faulting process is rather complicated, the total source time duration is only

about 7 seconds. We believe that the signal duration at Pacoima Dam (C041)

Nz
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Table 3-1 St. minus trigger times

Station rune(sec) Station(IFl.) rime(sec)

Azimuth I Local Array-i
C041 3.0 D065(11) 0.0
C048 1.6 EO75(11) 1.3
Dos 1.1 Eo3(7) 0.8
D0S 0.0 J148(17) 5.8
H115 4.0 P217(12) 0.8
Hil 0.0 S25(31) 5.6
J145 1.8 S256(21) 5.6
L166 1.3 Local Array-2
N191 0.0 C054(39) 1.3
S262 1.9 F089(8) 5.1
S267 6.1 F098(8) 4.5

Azimuth 11 G 112(43) 1.9
G110 1.3 K157(16) 2.7
GlO 2.1 K159(s) 4.3
G108 4.3 R253(10) 5.6
H121 5.8 Local Array-3
M180 0.0 D059(19) 0.0
FOB? .0.0 1131(10) 5.6
N 186 0.0 1134(15) 6.1
P220 0.0 NB8(16) 5.6

Azimuth III R249(27) 5.1
E071 0.0
F102 0.0
F104 0.0
J142 5.0
J143 0.0
J 144 0.0

*~ .M179 0.0 ___ _

j Building height in terms of floors.
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represents the approximate duration of the source.

One of the most impressive features seen in Figure 3-3 is the correlation of

ground motion waveform with the topography of the subsurface basins. There

are three stations C048. J145 and H1l15 located within the San Fernando Valley.

The waveforms recorded at these stations are poorly correlated and the signal

durations are about 30 seconds. These durations are much longer than those

seen at neighboring and more distant stations located near Santa Monica Mts..

such as L166. D068 and D057. This contrast can easily be seen in Figure 3-3.

Coherent waveforms begin to appear at station LI'6 and signal durations drop to

only about 10 seconds. Furthermore, the amplitudes also drop quite drastically

by about one-half after passing the San Fernando Valley stations. Amplitudes

again increase at stations D057 and 5262 when the waves reach the Los Angeles

Basin. The waveforms are quite coherent in the beginning 6 seconds and there

appears to be little moveout from the S! phase. The dashed lines passing sta-

tions L166. D068, D057 and S262 indicate the possible arrival of surface waves,

which are characterized by gradual moveout from the S phases. They also

appear dispersive in nature, this was also suggested by Hanks ( 1975 ) from his

study ofparticle trajectories.,I seems that. at epicentral ditne fnear 3

km. body waves dominate the waveforms at the bedrock sites, and the surface

waves start to develop rapidly from there. For epicentral ranges beyond 40 kn.

surface waves start to dominate the wavetrain. At ranges of 50 km and beyond.

it is hard to identify the body waves. Most of the signals appear to be surface

waves with visibly dispersive character. The apparent moveout velocity of the

surface wave phase from S! phase is estimated to be 5.7 km/sec. If we assume

that the phase velocity corresponding to the S! phase is 3.5 ki/sec. then the

-.
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phase velocity of these surface waves is about 2.2 km/sec.

It is useful to contrast the nature of wave propagation for waves observed in

the San Fernando valley and the Los Angeles basin. Peak ground velocities

observed in both basins are high with respect to sites in the Santa Monica moun-

tains. Although long-period surface waves are clearly visible in both basins, the

duration of these surface waves is up to 20 seconds longer in the San Fernando

valley, the basin which is closer to the earthquake source. The earthquake rup-

tured into the northern part of the San Fernando valley which is a closed sedi-

mentary basin. Thus it is likely that the long signal durations are caused by sur-

face waves which are trapped within the valley, thereby causing severe ringing.

The short signal durations seen at adjacent stations indicates that these rever-

berating waves which developed in the San Fernando valley did not propagate

away from the valley. The interpretation from the numerical simulation result

will be presented later.

In Figure 3-4. we show the radial components of the ground acceleration for

stations located along profile I. Traces begin at their trigger time and are

aligned vertically with the S1 phase. Although there is considerable variation in

the observed waveforms from station to station, the duration of the high-

frequency motions is a fairly constant 10 seconds. Furthermore, strong phases

can be seen on many records at about 4 seconds and B seconds after the initial S

arrivals. We speculate that the overall duration and timing of arrivals seen on

the relatively high-fiequency acceleration time history is directly related to the

details of the faulting process. It is suggested that the basin geometry has less

effect on these higher frequency waves.

.
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b. Proile D. Profile 11 is roughly along the southwest border of the San

Gabriel mountains and part of the Los Angeles basin. The velocity traces (begin-

ning at SI) together with the path profile are shown in Figure 3-5. Somewhat

different features are observed along this profile. The signal duration of what
ke%

appear to be mainly the S1 phase is about 8 seconds at station GI10. Surface

waves develop gradually with distance from there. The amplitudes along this

path are, on average, lower than those in Profile I. Perhaps part of the reason

for this is the lack of thick sediments along profile II from about 30 km to 50 km.

Well dispersed surface waves can hardly be identified at this portion of the

profile. Instead. the SO phase, which is characterized by zero moveout can still

easily be recognized. Even at station N186. which has an epicentral distance of

52 km. the high-frequency S! phase can still be identified, this suggests that the

*relatively thin sediments along profile 11 prohibit the rapid development of the

surface waves seen in profile I. However, there may still be a strong fundamen-

tal Rayleigh wave which is hard to distinguish from the S wave ( see Heaton and

Helmberger, 1979 ). The dashed lines crossing station G110 to station N186 indi-

cate the possible surface wave phases. If we assume a horizontal phase velocity

of 3.5 km/sec for the SI phase, then the phase velocity corresponding to the

0 dashed line is approximately 2.7 km/sec.

In Figure 3-6, we show the radial components of the ground acceleration forH -stations located along Profile II. Peak amplitudes and the duration of high-

frequency shaking are remarkably similar to that seen along Profile I. However,

% the strong phases seen at 4 and 8 seconds in S wavetrain on Profile I are not as

evident in Profile 11. Instead, the strongest phase seen along Profile U appears to

be about 6 seconds after the beginning of the S wavetrain.
tsp°
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o. Profie I. Profile ll runs N4O W across mostly mountainous terrain and

ground velocity traces along this profile are shown in Figure 37. Ground veloci-

ties are strikingly different along this profile from the other two profiles, which

cross deep sedimentary basins. The duration and amplitude of the ground velo-

city seem to be considerably less on this northern profile. Heaton and Helm-

berger ( 1979 ) shows that displacements observed at station 1142 can be rea-

sonably modeled with a simple half-space structure. This is obviously not the

case for many of the stations located along profiles I and II.

Radial ground accelerations observed along Profile III are shown in Figure

3-8. Ground accelerations appear to be shorter-period and of shorter duration

than those observed along the other two profiles. Furthermore, it is difficult to

identify any coherent phases.

.In Figure 3-9, we compare peak radial velocities amplitudes along the three

profiles. It seems clear that peak velocities are larger on stations to the south.

except for those stations on or adjacent to the Santa Monica or San Gabriel

mountains. It appears likely that the deep sedimentary basins are the principal

reason for this amplitude variation.

In Figure 3-10, we compare peak radial acceleration amplitudes along the

profiles. Peak accelerations are surprisingly similar for these three profiles.

This conclusion was previously reported by Trifunic ( 1976 ). Using data mainly

from the San Fernando earthquake, he concluded that peak ground motions

were greater on 'soft' sites than on 'hard' sites, with the effect being consider-

able at long periods and almost negligible at high-frequencies."1
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Local Arrays

In Figure 3-11, 3-12 and 3-13. we show three components of ground velocity

as funotions of time and epicentral distance for local arrays 1, 2 and 3, respec-

tively. Since stations in these arrays are not generally aligned along a radial

line from the epicenter, the distances shown in Figure 3-11 through 3-13 may

not be indicative of the true inter-station spacing.

The most obvious feature of the ground velocity is the remarkable degree of

coherence across each array. Since the velocity waveforms are dominated by

waves with frequencies of less than 5 Hz. we expect that most of the motion has

horizontal wavelengths of greater than 0.5 km. Thus, there is good reason to

expect the ground velocity to be coherent over these small arrays. However,

there are several other implications of this coherence. First, the record process-

ing must introduce very little noise into the velocity traces. This is especially

impressive when one considers that the horizontal components require com-

ponent rotations before they can be compared. Second. the effect of building

interaction is apparently minimal on velocity waveforms. The average standard

derivation of peak velocity within each array is about 127. Furthermore, it is

difficult to see the systematic dependence of peak velocity with building height

(see Table 3-1) within each array that is suggested by Boore et al. ( 1980).

We show the radial component of ground acceleration for local array 1 in

Figure 3-14. Although less coherent than the velocities, accelerations still show

* strong coherence along the profile. Prominent phases can be seen at 2. 4. and 8

seconds after the initial S1 phase. It is difficult to see moveout of any phase for

these local arrays. This is not surprising since a variation in phase velocity

between 4 and 2 km/sec yields a moveout of only .25 sec/kn. Such small time

'C
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shifts could only be detected through very careful analysis.

Simulation by Finite Differenmce Method

The strong correlation of observed ground motions with geological struc-

ture profiles encourages our further investigation of these irregular structure

effects. We use the acoustical 2D finite difference method ( Brown and Clayton,

1953) to generate synthetic seismograms along both profile I and profile 11. The

main emphasis here will be on phenomena which occur on waves propagating

through these irregular structures from different source depths. We investigate

amplitude amplification, signal duration and wave type development.

According to Heaton's ( 1952 ) double event solution for the 1971 San Fer-

nando earthquake, there are mainly two areas in which the dislocation is con-

centrated. One area is near the first hypocenter at a depth of about 13 km and

has a maximum dislocation of about 2.5 meters. Another is very near the surface

(at depth of about I km ) along the San Fernando fault with a maximum disloca-

tion of about 3.5 meters. as illustrated in Figure 3-15. In order to study the

effect of sources at different depths, we calculated the structure response along

each profile for three source depths, namely 1 km . 7km and 13 km. The

difference method is applied to the 2D acoustical wave equation

82P (Z, 9 1g)-VPXX

where z .z are the 2D coordinates and v (zz) is the medium velocity. The nor-

Aral stress or the pressure P(z,z) is continuous along all boundaries and van-

ishes on the free surface. The details are described in a paper by Brown and

S.. -. -,, - .. , ',,-" ,; ' r , ' '.' ' ., , '/ . . ,, ' ', ,: """ " ;"
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Clayton ( 1983 ). We used a 0.2 km grid size for both horizontal and vertical

ranges, this corresponds to about 10 samples per wavelength at a period of 1

second. Since the maximum velocity in our model is 3.5 km/sec, we chose the

difference time step dt to be 0.03 seconds to satisfy the stability criteria,

dt <

where dh is the grid size. In this way we constrain the time step to be small

enough that disturbances do not propagate faster than the maximum velocity

* within a grid.

a. Irregular Structure along Profile I We approximate earth structure along

46 our profiles as a simple low-velocity ( 2.1 km/sec ) basin embedded within a

high-velocity ( 3.5 km/sec ) bedrock halt-space, as illustrated in the left of Fig-

ure 3-16(a). The source is introduced as an initial condition whereby wave

motions in the source region are specified to be the derivative of a Gaussian

function. The details can be found in Brown and Clayton ( 1983 ). All the profiles

are computed assuming a 400x300 grid, which corresponds to dimensions of

80kmx6Okm. Synthetic seismograms computed along profiles 50 km long are

shown in Figures 3-16(a), 3-16(b) and 3-16(c) for source depth. of 1 km ( S3). 7

km(32 ) and 13 km (S1). respectively. The total signal duration is 45-second

for all the synthetic traces presented in this Chapter. FuU scale amplitude is

0.07 for all the profile traces. Thus, waveform amplitudes are comparable for

different sources.

Although the synthetics are computed assuming a 2D acoustic line source,

the resulting synthetics show good resemblance to the observed ground
4,
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X, velocities along profile 1. In our model, the San Fernando Basir In an obstacle,

creating a shadow for those receiver sites on the Santa Monica Mountains. The

strong amplification in the San Fernando Basin can be seen very well for all

three source depths. Strong energy focusing is seen near the edge of the basin.

This phenomenon is discussed in more detail in Appendix 11 and is illustrated for

a simpler geometry in Figures 11-5. 11-8 and II-7.

Little energy from the shallow source transmits into the ridge of basement

(Santa Monica Mountains). which separates the two low-velocity basins. How-

ever, for deeper source ( say at 13 km) direct arrivals actually become stronger

in the ridge of basement since waves can reach this region from below the basin.

Entering the Los Angeles Basin. we see that surface waves become the domn-

inant arrivals. Wave development here is similar to examples of down-dip wave

propagation discussed in Appendix 11 ( see Figures H-1. 11-2. and 11-3 ). For the

deeper sources, energy reaches the Los Angeles Basin without strong effects

from the San Fernando basin. This can be recognized by comparing between the

V. profiles in Figure 3-16(a) and Figure 11-3. However. in this range, the interpreta-

tion of wave propagating through the ridge from the shallow source is not

straightforward. We demonstrate this by comparing the synthetics along two

different ridge structures. In Figure 3-17(a). the San Fernando basin is simu-

O-M, lated by a simple soft layer with an up-dip thinning edge. The synthetic seismo-

O grams suggest that little energy propagates through the basin and into the half-

I space region beyond. However, when a second basin is added to form a ridge as

.9. illustrated in Figure 3-17(b), then surface waves gradually develop in the second

basin after passing the ridge area. Thus. the energy leaking through the up-dip

edge of the San Fernando basin is trapped again by the down-dip slope in the Los
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Figure 3-17(a) Ridge structure simulation; up-dip edge of the basin. This illus-
tration shows that little energy can pass the up-dip basin edge and
reach the surface receivers. Energy that leaks through the slope pro-
pagates mainly toward the half-space.

.

Ar&Z



-64-

L.A
% E

'p.j

S... .

A _-__.-

*(secd 10 20 30 40

Figure 3-17(b) Ridge structure simulation; formed by both up-dip and down-dipI

edges of the basins. This ridge is constructed baued upon the slopes
seen from the San Fernando and Los Angeles basins. After passing

* the ridge, surface waves are gradually developed from energy
trapped by the down-dip edge from Los Angeles basin.

II~I.S.S I
0,:

-a * "*.



-65-

Angeles basin to produce surface waves at further distances. The geometry of

the ridge is an important for determining the amount of the energy which is

P -trapped in the second basin.

00 " Assuming Heaton's source model ( 1982 ). the rupture delay between source

S1 (at 13 km ) and S2 ( at 7 km ) is estimated to be about 4 seconds. Assuming

that Si and S3 ( at 1 km ) represent areas of the largest dislocations . we can

roughly estimate the timing of arrivals and corresponding wave types seen along

profile I. The time delay between S3 and SI due to rupture is about 6 seconds

- and the corresponding travel time delay is about -4 seconds. Thus we concluded

* that the 5! phases observed along profile I are mainly derived from S1 ( 13 km

source ). The strong later arriving waves seen near the Santa Monica Mountains
are surface waves from both S1 ( deep source ) and S3 ( shallow source ). For

the three stations in the San Fernando Basin. C048. J145 and H115, the high

amplitude waves seen in the velocity waveforms are combinations of surface

waves from both deep and shallow sources and body waves from the shallow

source. Thus, the reason that the S! phase maintains strong coherence along

this structurally complex path is that 5! is derived mainly from the deeper part

of the rupture. The S! travel path from deeper sources is affected relatively lit-

te by the presence of local basins.

b. Irregular Structure along Profile 1 Ground motions observed along

profile II show very different features from those observed along profile 1. Again,

we generate synthetic seismograms along the profile II for three source depths,

A namely 1 km ( source S3 ), 7km ( source S2 ). and 13 km ( source S1 ). The

0 results are illustrated in Figures 3-18(a), 3-18(b) and 3-18(c), respectively.

Since the wave path is more or less following the northeastern boundary of the

'I%.
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Los Angeles Basin, the wave development is quite different from that seen along

profile I. We approximate the structure along this profile as a basin ( shear

velocity of 2.1 km/sec ) embedded in a half-sapce ( 3.5 km/sec ), as illustrated

in the left of Figure 3-18(a). In spite of this rather simplified structure model,

the synthetics compare well with the motions observed along profile H ( Figure

3-5).

As was the case for profile 1. that the SI phase is primarily composed of

direct S-wave arrivals from S1 (source at 13 km ). In our synthetics, surface

waves are gradually developed after distance of about 40 km. which agrees well

with the observations. According to our 2D modeling, the shallow source (S3)

contributes little to ground motions observed along this path. Because the

structure in the source region is approximated by a half-space, little energy

from the shallow source is trapped within the basin.

Discussions and Conclusions

Velocity profiles recorded from the 1971 San Fernando earthquake demon-

strate strong path effects due to topography of the basement surfaces. The

different waveform pattern observed along three long profiles implies that valley

or basin structures can produce significant reverberation and amplification

effects. It is suggested that the proper geometry of basins and earthquake

sources needs to be considered in order to predict waveforms along these wave

paths.

Velocity profiles along three local arrays in the Los Angles basin suggests

that. within 3 km in range, the waveforms are almost identical. It is also sug-

gested that higher frequency waves, as represented by ground accelerations,

'p
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are less affected by these large scale basin structures.

IN% Profiles of displacement traces, which are not shown in this study, display

characteristics similar to thoue observed in the velocity profiles. That is. the

waveforms show good correlation ith variations in the basement surfaces. How-

ever, due to its high-frequency nature, the SI phase is more easily recognized in

velocity records than in displacement records.

Along profile 111, displacements have relatively simple waveform. This is

consistent with our understanding of the basement surface along profile II. since

a half-space seems to be an adequate approximation for the propagating path.

We speculate that only deeper sources effectively transmit short-period energy

along this profile as suggested in Figures 3-18(a) through 3-18(c). This is prob-

ably the main reason that the duration of high-frequency motion is rather short

for all the stations recorded along this azimuth.

We use the 2D finite difference method to compute synthetic seismograms

for irregular structures which exist along profile I and profile I1. Although the

structure used in the calculation is rather simplified and the numerical code is

for acoustical media, the general features of the synthetics agree quite well with

the observed ground motions. We approximate Heaton's ( 1982 ) source model,

which has two major areas of dislocation by point sources , at depths of 13 km

and 1 km. Using the relative timing, amplitude and signal duration of major

0 arrivals observed in the ground motions along both profile I and profile II, we

suggest that the coherent S phase ( the S waves ) is primarily from the first

source, at 13 km. The shallow source ( near 1 km ) contributes little to the sta-

e .,tions along the profile I. However, it does produce strong surface waves for the
stations in the San Fernando Basin region and also contributes to the generation

•N
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IN

of surface waves in the Los Angeles Basin. This study suggests that the observed

ground motions are indeed affected strongly by propagati:)n paths along

% different structural provinces.
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